Several drug development strategies, including optimization of new antimalarial drug combinations, have been used to counter malaria drug resistance. We evaluated the malaria Sybr green I-based fluorescence (MSF) assay for its use in in vitro drug combination sensitivity assays. Drug combinations of previously published synergistic (atovaquone and proguanil), indifferent (chloroquine and azithromycin), and antagonistic (chloroquine and atovaquone) antimalarial drug interactions were tested against Plasmodium falciparum strains D6 and W2 using the MSF assay. Fifty percent inhibitory concentrations (IC 50 s) were calculated for individual drugs and in fixed ratio combinations relative to their individual IC 50 s. Subsequent isobologram analysis and fractional inhibitory concentration determinations demonstrated the expected drug interaction pattern for each combination tested. Furthermore, we explored the ability of the MSF assay to examine mixed parasite population dynamics, which are commonly seen in malaria patient isolates. Specifically, the capacity of the MSF assay to discern between single and mixed parasite populations was determined. To simulate mixed infections in vitro, fixed ratios of D6 and W2 strains were cocultured with antimalarial drugs and IC 50 s were determined using the MSF assay. Dichotomous concentration curves indicated that the sensitive and resistant parasites composing the genetically heterogeneous population were detectable. Biphasic analysis was performed to obtain subpopulation IC 50 s for comparison to those obtained for the individual malaria strains alone. In conclusion, the MSF assay allows for reliable antimalarial drug combination screening and provides an important method to discern between homogenous and heterogeneous parasite populations.
Malaria is a severe global health problem that is compounded by the emergence of drug-resistant parasites. The emergence of these multidrug-resistant Plasmodium species, particularly P. falciparum, has made decisions regarding malaria chemoprophylaxis and treatment more complicated. Furthermore, it is predicted that increased incidences of clinical infections and subsequent deaths are likely as the rapid spread of resistant parasites occurs (15, 23, 35, 39) . Several drug development strategies have been used to counter malaria drug resistance, including optimization of new antimalarial drug combinations. Several groups have examined drug combinations in laboratory settings that may have promising efficacies in clinical settings (5, 7, 30) . Artemisinin-based combination therapies, one of the most successful therapeutic combinations, are currently used in areas where malaria is endemic (39) . However, it is predicted that even with an aggressive prophylactic and treatment campaign, resistance to these drugs will certainly emerge (8) . In fact, resistance to these combinations has already been observed. Wongsrichanalai and others reported the decreasing efficacy of the artesunate-mefloquine combination on the Cambodian-Thai border (41) . Thus, there is a need to discover novel combinations between existing antimalarials and/or new chemical entities that can be used in the treatment of severe malaria.
In addition to resistance to antimalarial combination therapies, there is also a concern with Plasmodium mixed infections. A mixed infection is defined as an infection with more than one type of species or genotype of Plasmodium (24) . Although highly understudied, the implications of a mixed infection are profound. Mixed infections can cause a relapse as a result of emergence of the resistant subpopulation of parasites after the sensitive subpopulation has been eradicated by drug therapy. The existence of a resistant population may be a result of both divergent evolution, where parasites have acquired resistance mechanisms, and/or two cohabitating parasites when the individual is infected (16, 24) . This phenomenon has been observed in areas of malaria endemicity in Africa and Southeast Asia, where the mixed-infection prevalence is as high as 30% (24) . However, there has been conflicting evidence as to the true frequency of Plasmodium mixed infections (27, 34) . Furthermore, this problem is confounded by the inability to properly identify and differentiate Plasmodium mixed infections.
The [ 3 H]hypoxanthine incorporation assay has been used as the gold standard in P. falciparum drug susceptibility testing (11) . Despite the assay's reliability and accuracy, it is very expensive, involves multiple processing steps, and requires special handling and waste disposal procedures. In contrast, dyebased technologies, such as those using 4Ј,6-diaminino-2-phenylindole, Pico green, YOYO-1, and Sybr green, have been shown to have comparable results to radioactive assays (2, 10, 17, 19, 36, 38) . Many of these assays use DNA dye intercalation, which accurately measures parasite growth. Use of these assays has increased because they are relatively simple and inexpensive to run compared to their radioactive and enzymelinked immunosorbent assay-based counterparts.
While several in vitro drug sensitivity assays have been used to analyze antimalarial drug interactions, the ability of the malaria Sybr green I-based fluorescence (MSF) assay for this purpose has not been fully characterized. The [ 3 H]hypoxanthine incorporation assay has been shown to detect differences in susceptibility patterns as well as being able to identify drug interactions (11, 30) . However, radioactivity usage makes it costly and difficult to routinely use in research and clinical settings, particularly in a resource-limited environment. The MSF assay utilizes the Sybr green I dye (Invitrogen, San Diego, CA), which is relatively inexpensive and has been shown to reliably measure P. falciparum in vitro drug sensitivities. As the prevalence of Plasmodium mixed infections increases, there is a need for an assay that can reliably identify and differentiate drug-sensitive subpopulations in a particular infection. In this study, we examined the capability of the MSF assay to determine drug interactions and discern between single and mixed P. falciparum populations.
MATERIALS AND METHODS
Malaria Sybr green I-based fluorescence assay setup. The MSF assay was performed as described by Smilkstein et al. (36) and as modified by Johnson et al. (17) . Briefly, D6 (CDC/Sierra Leone) and W2 (CDC/Indochina) P. falciparum strains were maintained in continuous long-term cultures in tissue culture medium, as previously described (11, 26) . Cultures and assays were conducted at 37°C under a humidified atmosphere of 5% CO 2 and 5% O 2 , with a balance of N 2 using either tissue culture medium or folic acid-free medium. Parasites at 1% parasitemia and 2% hematocrit were added to predosed 96-well plates and incubated for 72 h. Lysis buffer (20 mM Tris-HCl, 5 mM EDTA, 0.008% saponin [Sigma-Aldrich], and 0.08% Triton X [Sigma-Aldrich]) with Sybr green I dye (Invitrogen) was subsequently added to the plates and incubated for 1 h at ambient room temperature. Fluorescence was read using the GENios Plus plate reader (Tecan, Research Triangle Park, NC). The plates were examined for relative fluorescence units (RFUs) per well using the Tecan Genios Plus reader. The drug concentrations (x values) were transformed using the formula X ϭ log[X] and plotted against the RFUs (y values). The data were then analyzed with Prism 4.0 (GraphPad Software, Inc., San Diego, CA) by nonlinear regression (sigmoidal dose-response/variable slope equation) to yield drug 50% inhibitory concentrations (IC 50 s).
MSF drug combination assay. Fixed ratio combinations of various antimalarial drugs were tested against P. falciparum D6 and W2 strains as previously described by Orht et al. (30) . Briefly, each drug was tested alone and at fixed ratios with 12 twofold serial dilutions and evaluated using the standard MSF assay conditions described above. The IC 50 s were calculated for each drug alone and for their respective fixed concentration ratios. The individual and sum 50% fractional inhibitory concentrations (FIC 50 and ΑFIC 50 , respectively) were determined as previously described (6) . Isobolograms were constructed from the FIC 50 s of drug A and drug B at the tested fixed concentration ratios, for which a straight line represents indifference (ΑFIC ϭ 1), a concave line denotes a trend toward synergy (ΑFIC Ͻ 1) or synergy (ΑFIC Յ 0.5), and a convex curve represents a trend toward antagonism (ΑFIC Ͼ 1) or antagonism (ΑFIC Ն 2 to 4). The IC 50 s of each drug in the test combination were standardized by allocating the value of 1 to each drug that was tested alone and prorated values for each fixed concentration ratio.
MSF mixed-infection assay. Mixed parasite infections were simulated in vitro by coculturing D6 and W2 strains in various fixed ratios to create heterogeneous parasite populations in a 96-well format. Dichotomous response curves were plotted by standardizing RFU values to relative growth percentages. For drugs that displayed a dichotomous response, subpopulation IC 50 s were determined using a modification of the logistic-logarithmic function previously described by Oduola et al. (29) . Briefly, biphasic curves were generated for each fixed ratio populations, with each phase of the curve analyzed as a separate IC 50 curve.
These individual IC 50 curves and combined IC 50 s were determined using GraphPad Prism. The concentration-response profile of each parasite strain alone was then compared to responses of the coculture populations and its respective subpopulation components. As a negative control, artemisinin monophasic curves were generated at fixed parasite ratios as previously described.
Statistical analyses. Data were analyzed by analysis of variance and Tukey's multiple comparison test (Sigma Stat 3.1; SPSS, Inc., Chicago, IL).
RESULTS
MSF combination testing assessment. To assess the MSF assay's ability to determine synergistic, indifferent, and antagonistic in vitro antimalarial drug interactions we tested fixed ratio combinations of atovaquone-proguanil, chloroquine-azithromycin, and chloroquine-atovaquone, respectively, against P. falciparum D6 and W2 strains. Analysis of drug interactions was performed by the method described by Berenbaum (6) . Proguanil and atovaquone revealed a synergistic interaction and chloroquine and azithromycin showed indifference, while chloroquine and atovaquone had antagonistic interactions in both D6 and W2 strains (Fig. 1A , C, and D). The ⌺FIC 50 s of tested fixed drug ratio combinations are presented within each figure. The combination of chloroquine with itself served as an experimental drug combination control, displaying indifference (Fig. 1B) .
Mixed-infection study. To assess the MSF's capability to discern between single and mixed populations, we tested various fixed ratios of D6 and W2 against various antimalarial drugs. The mixed strain populations were allowed to grow for 24, 48, 72, and 96 h to observe whether overgrowth of one strain occurred. For the drugs that displayed a dichotomous response, we derived the same biphasic curve at times of Ն72 h (data not shown). As seen in Fig. 2 , dichotomous concentration curves indicated that the chloroquine-sensitive and -resistant parasite subpopulations composing a genetically heterogeneous population grown at 72 h were detectable using the MSF assay. Figure 2 shows alterations of the dichotomous curve depending on the susceptibility profile of the populations. D6 is sensitive to chloroquine (IC 50 , 4.66 ng/ml), and increasing ratios of W2 (Fig. 2D , G, F, and E) shift the dichotomous response curve toward a more resistant profile (Fig. 2) . The reverse response was also observed when increasing ratios of D6 were present in the population. A plateauing effect was also observed with D6 and W2 mixed population curves, in comparison to their corresponding single-population monophasic curves. Furthermore, Fig. 2 shows that for insets B, C, and D, where the ratio of D6 to W2 was 90:10, 75:25, and 50:50, the corresponding D6 subpopulation growth percentages were approximately 90%, 75%, and 50%. Subsequently, the remaining subpopulation corresponds to W2. The level where the plateau occurs (Fig. 2B to D , F, and G) allows for the estimation of subpopulation percentages within the population. Furthermore, this plateau population corresponds to the more resistant population, since the growth is restricted only at high chloroquine concentrations. Finally, the biphasic curves also serve as an internal control, confirming that our data are comparable to those published by Oduola et al. (29) . In addition, our assay system confirms that D6 and W2 have similar growth rates in our assay system, as shown in Fig. 2 , where the observed percent growth is correlated to subpopulation parasite levels as previously reported (12, 37) .
Chloroquine IC 50 determinations for each respective popu-lation and subpopulation are presented in cause the points obtained did not converge into a discernible dose-response curve for IC 50 determinations. We also tested these fixed ratios of D6 and W2 against mefloquine, a drug to which the two tested parasite strains display a narrower difference in IC 50 s than chloroquine (9.4 and 248.5 ng/ml for chloroquine versus 43.7 and 16.2 ng/ml for mefloquine) (17) . Figure 3A shows the drug response to mefloquine by a 50:50 D6:W2 population as well as drug responses by the individual strains. D6 was resistant to mefloquine (IC 50 , 43.7 ng/ml) and any W2 population containing as little as 10% D6 was enough to shift the curve to a more resistant profile (data not shown). Consequently, at a 50:50 D6:W2 ratio, the generated curve mirrored the one derived from D6 alone, resulting in a monophasic curve. Taken together, dichotomous curves could not be derived from the mixed population of D6 and W2 treated with mefloquine. Finally, as a control, we also performed the same mixed parasite ratio experiment with artemisinin, to which D6 and W2 have similar IC 50 s (1.0 ng/ml). Figure 3B shows monophasic curves to artemisinin obtained with the D6 and W2 strains individually. As expected, dichotomous curves could not be generated for artemisinin (data not shown), as the monophasic curves obtained for this drug were identical. These data demonstrate that a dichotomous response cannot be derived if the susceptibility profiles of the subpopulations are similar.
DISCUSSION
Previously, we compared the Sybr green I-based fluorescence (MSF) assay to the [ 3 H]hypoxanthine assay and showed that the MSF assay has the sensitivity and reproducibility required for malaria drug susceptibility testing (17) . This has led us to further assess the MSF assay as a rapid method for screening potential new drug combinations. In this report, we specifically examined the MSF assay's ability to detect previously characterized in vitro drug interactions. Fixed ratio combinations of compounds with known antimalarial activities were tested against P. falciparum D6 and W2 strains. Our data confirmed findings by others who used the [ 3 H]hypoxanthine assay, specifically, Canfield et al., who described a synergistic interaction between proguanil and atovaquone and antagonism between chloroquine and atovaquone (7) . Also using the [ 3 H]hypoxanthine assay, Nakornchai and konthiang found an indifferent interaction between chloroquine and azithromycin (28) . Overall, these data show that the MSF assay can be a useful tool to assess the efficacy of combining drugs with known activities with each other, as well as determining the efficacies of existing therapeutics with novel drug entities in a highthroughput screening format. In fact, we also performed this type of combination testing on 384-well plates and observed results comparable to those in the 96-well plates (data not shown). Performing this assay in a 384-well format will allow multiple drugs to be tested simultaneously and facilitate the testing of a broader range of drug concentrations. As numerous laboratories continue to screen drugs against parasites for either surveillance of drug resistance or drug discovery efforts, there is a dire need to standardize assays to evaluate the efficacies of drug combinations (5) . The ease of use and comparability with the [ 3 H]hypoxanthine assay make the MSF assay a viable format for standardized evaluation of in vitro antimalarial activity.
Most naturally occurring malaria infections are composed of mixed subpopulations with different drug susceptibilities (22, 27, 32, 42) . Thus, there is a need to identify these drug-resistant subpopulations to prevent treatment failures. In our previous work, we showed that the MSF assay can reliably monitor drug-resistant parasites (17) . In this study, we further examined the MSF assay's ability to discern between single and mixed P. falciparum parasite populations, using the method adapted from Oduola et al. to create dichotomous curves from a variety of drugs, and total population and individual subpopulation IC 50 s were calculated (29) . We found that our data were in agreement with the findings of Oduola et al., as the curve they obtained from a 50:50 mixture of D6 and W2 reflected the one presented in Fig. 2D here, which indicates that the MSF assay results are similar to those of the (29) . In addition to the correlation between the dose-response curve plateau and the subpopulation percentages, our data also indicate that the parasite growth rates are similar and that one subpopulation did not outgrow the other within the time periods assayed. It also suggests that obtaining a biphasic curve confirms the existence of parasite subpopulations in a sample, provided they have different susceptibilities. However, we found that the smaller the difference in sensitivities, the less accurate the MSF assay was in identifying a subpopulation, as evidenced by the monophasic curves obtained with mefloquine. The mixed population monophasic mefloquine curve reflects the one derived from the more resistant strain (D6). Thus, the smaller the difference in IC 50 s, the more difficult it is to discern between subpopulations by testing with just one drug. This presents a weakness with the MSF assay, for which, in order to determine the presence of mixed populations, testing with multiple drugs is required to ensure coverage of the various drug susceptibilities that exist in nature. With other infectious diseases, such as ones caused by bacteria, the use of drug batteries (antibiograms) often allows for better characterization of the susceptibility profile of the organism (9) . Particularly with bacterial anaerobic infections, subpopulations with varied antibacterial susceptibilities are observed. Although empirical treatment for these types of infections is prescribed due to the length of time it takes to culture these organisms in determining their drug susceptibility, the failure rate is high due to the proliferation of resistance mechanisms (18) . CLSI recommends drug battery testing to allow for informed decisions regarding treatment (9) . The same rationale may apply in P. falciparum mixed infections. Nevertheless, the biphasic curve analysis can predict with reasonable accuracy the relative compositions of parasite subpopulations within a given sample. The occurrence of mixed infections has profound implications in clinical testing (21, 40, 42) . This analysis can also be tailored to populations that have more than two types of strains, resulting in triphasic or even quadriphasic curves.
Liu et al. also conducted a similar study where they used DD2 and HB3 to determine the effects of mixed infections in drug testing and genotyping (20) . It is interesting that they found a shift in their chloroquine monophasic curve as the resistant parasite percentage increased, while with our assay we observed a dichotomous response to chloroquine. Furthermore, they observed a low percentage of the resistant parasites (as low as 10%) was required to induce a curve shift toward a more resistant profile. This is in contrast to our findings, where we found that this curve shifting was drug specific, as it was monophasic for mefloquine and dichotomous for chloroquine. Although they used different strains in their study, the differences in responses could be accounted for by the genotypic differences inherent in the strains. Even between D6 and W2, there are subtle differences in susceptibility profiles (17) as a result of differing resistance mechanisms inherent in the two strains for particular drugs. Furthermore, our analysis showed an increased percentage of resistant parasites is required before a statistically significant shift in IC 50 s can be observed with chloroquine. This is in contrast to the findings by Liu et al., where a 10% chloroquine-resistant parasite subpopulation was enough to influence the IC 50 . However, our findings with the test drug mefloquine are in agreement with Liu et al.'s, as we saw a profound influence of the resistant D6 strain on the overall population IC 50 , and the shift in the IC 50 curves was not gradual but was an all-or-none phenomenon. As mentioned previously, the discrepancies between results for the two studies can be explained by the differences between the strains used.
We also calculated individual subpopulation IC 50 s from the biphasic curve as described previously and showed that individual subpopulation IC 50 s can be derived. These subpopulation IC 50 s serve as controls so that the individual strains can be identified and to rule out effects of coculturing on individual susceptibilities. These values were not statistically different from the IC 50 s of D6 or W2 alone, indicating that the MSF assay can reliably and accurately calculate subpopulation IC 50 s. However, our data also showed that when a subpopulation is present in a low proportion (Ͻ10%), the MSF assay cannot be used to calculate the IC 50 for that subpopulation because the curves do not converge and cannot be used to create an IC 50 dose-response curve. This phenomenon is possibly due to the assay's detection limit, where susceptibility of one population ceases to affect the profile of the other subpopulation, effectively masking the existence of that subpopulation. At this low parasite subpopulation level, dominance of a resistance mechanism may not be high enough in the population and may result in the appearance of only one phenotype. The reverse is also possible, where a large susceptible subpopulation may influence the apparent phenotype of the whole population. This finding is similar to that of Liu et al., who reported IC 50 s with lower subpopulation compositions were not distinguishable from IC 50 s with the parasite alone (20) . Since the conclusion of this work, we have miniaturized our 96-well plate setup to a 384-well plate setup using procedures similar to those of Plouffe et al. (31) and Weisman et al. (38) . In performing antimalarial compound susceptibility tests, we have increased our sensitivities and lowered our detection limit fourfold (data not shown) by changing the concentrations of our lysis buffer components. This shows that the MSF assay's capabilities have yet to be determined, and the assay shows great promise in its capabilities for detection and analysis.
The requirement for continuous culture may affect the selection of subpopulations in a clinical sample. Often, clinical strains are culture adapted, resulting in possible loss of the minor subpopulation and consequent misidentification of the population's susceptibility profile (3, 4, 25) . However, other studies have also shown that even with culture adaptation, the minor subpopulation is still detectable (25) . In fact, the MSF assay has already been used successfully on clinical isolates, and studies have shown that even with patient-to-plate culturing, subpopulations present in proportions as low as 0.1% are still observable with the HRP II enzyme-linked immunosorbent assay and Sybr green I methods (1, 33) . Regardless, our data show that our method has quantitative potential. Unless further validations of the method are performed, we currently recommend that the MSF assay be used as only a qualitative assay for mixed infections. This assay needs to be characterized and validated for its ability to quantitatively detect mixed infections within these clinical isolates.
Other groups have noted that a number of malarial infections are heterogeneous in their composition (21, 40) . In fact, almost all infections occurring in nature are mixed, requiring a method that can discern subtle changes in resistance patterns. Several investigators have used molecular markers to discern resistance in clinical samples (13, 14) . PCR has been shown to be most effective in identifying the presence of multiple strains due to its rapid use and nonculture requirement. The MSF assay, which has been shown to be robust enough for usage in a resource-limited environment, is a significant complement to any drug resistance genotyping method, particularly in identifying the presence of mixed infections. Currently, there are no diagnostic molecular resistance markers for malaria, making recognition of susceptibility profiles difficult with only PCR. Molecular methods, although accurate in detecting the presence of multiple strains, cannot identify or parse relative resistance patterns. By employing the MSF assay, treatment regimens can immediately be adapted upon mixed-infection identification. However, as previously mentioned, the assay requires validation in terms of its quantitative detection and susceptibility testing. The MSF assay has recently been shown to be efficacious in monitoring susceptibilities in clinical samples (33) . This capability could be extended to detecting resistant subpopulations in the clinical setting, since the assay has already shown its amenability to field and resource-limited settings.
We have demonstrated that the MSF assay can be used in in vitro drug combination studies and for discerning drug susceptibilities between subpopulations within mixed infections. Not only is the MSF assay successful in identifying drug interactions in drug combination testing in research settings, but also, others in the literature have shown the assay's usefulness in clinical settings (33) . In addition, the MSF assay has been tailored to an ultrahigh-throughput format to discover novel chemical entities with antimalarial activity (31) . This capability, coupled with findings in this study, should facilitate the discovery of efficacious drug combinations in a much more efficient manner.
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